V- 


/ 


00  X: 


U.  S.  Naval  Postgraduate  bcM«a 
Monterey,  Califorma 


wt 


TfiS  WfSCT  OF   WM  DIAM]BTi;H  OF  iiAND^vli£EL3, 
US2D  AS  mmLQf 

UPOH  TEE  TIMS  HSaUIHED  FOH  ADJUSTIilHT 

A  Theai3 

iciubiaitted  to   the  Faculty 

Of 

Purdue  University 

By 

Jtt&as  Ottis  House,  Jr» 
In  Partial  Fulfillment  of  the 
Req^iirerrents  for  the   Degree 
Of 
MiLster  of  ^icienoe 
In 
Industrial  Engineering 
j^Iay,   1952 


l-ttN"— 


li 


The  author  wishes  to  express  Ms  appreciation  for 
the   assistance  and  advice  given  by  Professor  M*  S»  Mundel, 
Professor  H.  T,  Amrine  and  Professor  Y>.   J,  Richardson. 

Sincere  thanks  are' also  diae  Irofessor  P.  £•    Irick 
fbr  his  patient  guidance  in  ti^   statistical  prohlems  en- 
countered. 

Finally,  the   author  feels  deeply  indebted  to 
Hr.  Carl  Kroap  for  his  help  in  the   construction  of  the 
apparatus  used  to  obtain  the  experimental  data,  and  to  all 
those  "Who  served  as  subjects  tor  this   e:;cperiment« 


\%(^^Z 


1  O'l 

J.' 00 


Oi$    bSSM    , 


•  o  •:!;:;' 


:^  fJcr  ^^  V  ^ 


TABL3  0?  GOSflllfS 


ili 


linage 

Uar  OF  FIGUHS^ iv 

LIST  OF  TABLSS V 

AiaSTBACT Tii 

ii^fraoDucTiON  Ai®  PURPOSE.  .  .■ 1 

APPARATUS 3 

PROCSDUiiS 12 

HSoULTiJ ,  17 

OOMCLUSIOHS E9 

APPENDIX  A,      0HAKACTEEI3TICS  OF  OiJlMTOE^  iUH) 
TIMES  HSqUlHSD  FOR  SAGIi  OPlRATOfi  TO   ADa^U^T 

THE  VQimm 30 

APPim)IX  B.     TAB  L13  OF   JOMS  OF  TIMES  ArlD  A  SlMaARY 
OF    GALCULATI0K3  TO   SHOW  THAT  TEE  VAiilABLKS 

^IffiS  SIGHIFIOAK^ 45 

APPSJDIX  C.      DATA  AlID   GALCIJLATIOHS  USED  FOR  CUHYS 

FITTIIXJ 53 

BIBLIOGRAHiY 60 


lU 


0£ 


tt# 


TO    Tf'I,l 


k 


IJC 


it 


-A 


iv 


LIST  OF  FIGUfiSS 

iksssst  imsL 

X«  Handwhedls 4 

2.  Shaft  and  Pointer. 4 

3.  Braking  Device 5 

4«  Backboard,  Pointer  and  Stimulus  Light.  ...  7 

5«  Kymograph 7 

6*     Capacity- Ope  rated  Helay * 9 

7#     Circuit  Diagram  of  Gapaoity-Ope rated  Helay   .  10 

8.     Circuit  Used  to  Operate  Kymograph 11 

9«     iJaiaple  of  Tape  from  Kymograph 14 

10.  Fitted  Curves  for  Time  vs.  Torgue  for  All 

liandv^eels •    •  £3 

11.  Four-Inoli  liandwheel   -  Mean  Times  for  All 

Operators.    •   .    .    • £4 

IS.     Five-Inch  Handviheel  -  Mean  Times  for  All 

Operators £5 

13.     Seven-Inoh  Kandwheel  -  Mean  Times  for  All 

Operators.   •• £6 

14«     Ten-Inch  Handwheel   -  Mean  Tiraes  for  All 

Operators S7 

15.     Fourteen-Inch  Handwheel  -  lleaxi  Times  for 

All  Operators •    .    .    •    •  £S 


ri 


■m^: 


01 

vs 


.i  A    - .       t 


\^±v^...  ;.0JS1l?;;x.-'\_; 


,  ?;i'^t  '."':>  !-^■.  -      r    ff! 


.?T 


/■  )■ 


[Ui 


€    .ex 


«  « 


•■  V   ._■  ^    J!(_     .•       ,1..L  >■- 


Ll^  OF  TABLBS 

Ittii  Hit 

!•     Order  of  Fresantation  of  HandvAieels  and 

TorquQs*    •••.•••••••••••••      13 

t.     ij^an  Tlm»8  in  Hundredths  of  Jeoonds  for 
Adjustaent  of  Pointer  •  Four-Inoli 
Eandwheel.    •  •    • JS 

3*     Mean  Tlm«8  in  Hundredtlis  of  Jeoonds  for 
AdJustB»nt  of  lointar  -  Five-Inoh 
Hau2diNheel«   ••• ..«•     X8 

4«     Ifean  Tioee  in  Hundredths  of  seconds  for 
AdJystBtent  of  lointer  -  3ev©n-Inoh 
HanMieel.   • •   , 19 

9«     M«an  Times  in  liuMredthe  of  Jeoonds  for 
Adjustisent  of  Pointer  -  Ten- Inch 
MA&di^eel*   «   •   • 19 

6«     Mean  Tines  in  Hui^rodths  of  seconds  for 

Adjostnent  of  xo inter  -  Fourteen-Ineii 
Handwheel • 80 

7*     Characteristioa  of  Operators   •   • •     31 

8,     Time  in  Hundredths  of  oeoonds  for  Adjustment 

of  Jointer  -  Operator  No.  1 •     3S 

9*     Time  in  Hundredths  of  iieoonds  for  Adjustiaant 

of  Pointer  -  Operator  No.   2.    •   • 33 

10.  Time   in  Hundredths  of   oeoonds  for  Adjustment 

of  Pointer  -  Operator  No.   3. 34 

11.  Time  in  Hundredths  of  cieconds  for  Adjustn^nt 

of  i^ointar  -  Operator  lio.   4.    .♦♦••.    •      35 

12*     Time  in  Hundredths  of  ^eonds  fbr  Adjustssant 

of  Pointer  -  Operator  Ho.  5.    ••••«•   •      36 

13.  Time  in  Hundredths  of  Jeoonds  for  Adjustment 

of  iointer  -  Operator  No.   6 37 

14.  Tliae  in  Hundredths  of  Jeoonds  for  Adjustment 

of  Iointer  -  Operator  Ho.   7. 38 


SssSSJt, 


•  aA 


ex 


«a 


91 


es 


«$ 


.'  V't?   v.-  A   CA..' 


«   *•,»  It    \J  :    -  ,..  x^':.3     ;;>   v:i. 


% 


^  »"      t    •  ,- 


i  v      »  •  '         :.  •  -^  ^.-';. 


,5      »',_j!;'_.     i^-v'i'*"i 


.Q  ~     XO- 


,i  J  .     -O 


Tl 


LIST  OF  TABLS3   (Cont.) 

'3f|<ll,^l^  Page 

15 •     Time  in  Hundredths  of  aeoonds  for  Adjustment 

of  Pointer  -  Operator  iJo.  8, •   •      39 

16«     Tiae  in  Hundredths  of  Seconds  for  Adjustment 

of  Pointer  -  Operator  Ho.   9.    ••♦•••    .     40 

17 •     Time  in  Hundredths  of  Seconds  for  Adjustment 

of  Pointer  -  Operator  Ho,   10 41 

18*     Tiffie  in  Hundredths  of  Seconds  for  Adjustisent 

of  Pointer  -  Operator  xio.   11  ••.•••   •      42 

19,     Time  in  Hundredths  of  aeoonds  for  Ad.lustisent 

of  Pointer  -  Operator  No,   12    • 43 

SO,     Tine  in  Hundredths  of   deoceads  for  Adjustsient 

of  Pointer  -  Operator  Ho,   13  •#....   .     44 

El,  i^ums  of  Times  in  Seconds  for  All  Mandwheels,   •  46 

£2,  3U1BS  of  Tliaes  in  Jeoonds  for  All  Torques   .   .    •  47 

23,  Sues  of  Tinges  in  Seconds  for  All  Operaisors   •    «  48 

24,  Results  of  F-*Tests •  30 

25,  Smmaxj  of  Data  Derived  froir;  l^^ean  Times 

(Tables  2  to  6} §4 

26,  SmramTy  of  Tests  of  3ignifi canoe  &r  Fitted 

Curves  for  Landwheels,   •    ,    •   •    • 55 


IT 


.til 


•fX 


,dS 


Tii 


AB3TR.ICT 

The  purpose  of  this  study  was  to  investigate  the 
effect  of  the   diameter  of  haadwheela,  used  as  wheels,  upon 
the  time  reqtjiired  to   adjust  the    handwheel  to  a   ^^ecified 
degree  of  accuracy  for  several   torques. 

Five  handwheels,  ranging  in  diameter  from  four  to 
fourteen  inches,  with  axial  loads  ranging  from  5.05  to  1CB,15 
inch-pounds,  were  used  for  this  experiraent.     Thirteen  opera- 
tors were  used.     Sach  operator  ^as  required  to   use  both  hands 
to  adjust  a  pointer  in  a  eounter-olookwise  direction  through 
an  are  of  30  degrees  to  id. thin  an  accuracy  range  of  one 
degree.     The  time  required  to  make  each  adjustmssnt  isas 
measured  on  a  tape  recording  kymograph.     Ten  readings  were 
taken  for  each  torque  and  each  handwhsel,  except  for   the  tv/o 
«»ller  handwheels  of  four-inch  and  five-inch  diameters,     tio 
readings  were  taken  for  tlie  heaviest  load  of  10S.15  inch- 
pounds  for  these  t\¥0  handwheels,  since  it  was  evidently  un- 
peasonahle  to  expect  the  operators  to   adjust  these  handwheels 
under  ti^iis  condition. 

It  was  fouByd  that  the  selected  experimental  para- 
meters were  adequate  to  give  statistical  significance  to  the 
data  collected.     Vvithin  the  lirolts  of  this  investigation, 
the  four-inch  handwheel   appeared  to  resiilt  in  the   slowest 
operator  performance  while  the   ten-inch  hemdwheel  appeared 
to  result  in  the  speediest  operator  performance. 
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TfiS  EFFECT  OF  THE  IXUMBTIH  OF  HANDWH£EL3,    USSD  AS 
mSEL3,   m^OII  TliE  TIMK  HBQI^IHED  VOSi  AI>JTJ3T^IENT 

li^iTHODUCTlON  MJD  PUHfOaS 


A  survey  of  tlie    literature  shovm  that  several 
studies  covering  the  field  of  handwlieel   selection  have  been 
conducted,     iixtenaive  studies*^  con oe rued  with  the  problea 
of  selecting  the  proper  hsoidwhoel  to  be   used  on  radar  equip- 
ment for  the  tracking  of  targets  have  been  conducted  under 
the  auspices  of  the  National  Defense  Research  Oorar,ittee* 
However ,  tliere  has  been  relatively  little  experimentation 
undertaken  from  the  standpoint  of  determining  the  proper 

size  of  handwheel  to  be  used  on  machine  tools. 

Z 

Davis     conducted  an  experiment  in  order  to  "deter- 
mine the  factors  zaaking  for  optimum  control  and   speed  of 
usage  of  handwheels,  cranks  and   crossbars  under  the  condition 
of  application  involving  single  settings  of  indicators  within 
close  tolerance  limits". 

The  author's  investigation  was  undertaken  in  order 
to  further  study  a   particular  segment  of  the  problem  of  hand- 
v/heel   selection  so  that  the   machine  designer  might  have  re- 
liable and   complete   Information,  within  certain  experimental 
parameters,    for  the  selection  of  the  optimum  size  of  handled 

1.  The  FoxboiD  Company,  Foxboro,  !.iass. ,  Inertia.  Friction  and 
Diameter  in  Handwheel  Tracking,   0.3.  ii.O.    iieport  iio.   34547 

2.  Davis,   L.   S.,  CustOE-Tailor  Your  i>;anual  Controls.    ..achine 
Design,   21,  iio.    9:1^7-130,   1949. 
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wkleh  would  result  in  the  speediest  operator  perforraance. 

The  purpose  of  this  study  was  to   investigate 
the  effect  of  the   diameter  of  handwheels,   used  as  wheels, 
upon  the  time  required  to  adjust  the  handwheel  to  a  speci- 
fied degree  of  acouraoy  for  several  torques. 
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APPARATUS 
The  equipment  used  to  con  duo  t   tiie   experiment 
is  described  below: 

1*     FiTe  cast  iron  handnitieels  (Figure  1)   of  the  follow- 
ing diameters  were  used:      four-inch,  five-inch,   seven- 
inch,  ten-iaeh  and   fourteen-inch.     These  handwheela 
were  fitted  with  solid  type  handles  and  were  considered 
to  be  representative  of  liandwheels  usually  available  to 
the  iBachine  designer*     Although  this  experiment  was 
conducted  using  the  handv^eels  as  wheels  instead   of 
cranks,  it  was  decided  that   actual  conditions  would  be 

better  slaulated  by  leaving  the  handles  fitted  to  the 
handwheels. 

£»     A  shaft,   on  if^ich  the   handwheels  could  be  fastened, 
connected  througri  a  chain  of  gears  to  a  li^t  wooden 
pointer   (Figure  Z).     This   system  of  gearii^  caused  the 
operator  to  rotate  the  handwheel  through  150  degrees 
in  order  to  move  the  pointer  through  an  arc   of  30 
degrees.     This  shaft  rotated  through  sleeve  bearings, 
which  in  turn  were  fastened  to    a  rigid  wooden  structure* 
3*     A  device   (Figure  3),   similar  to  a  prony  brake,  was 
used  to  apply  axial  loading  to   the   shaft*     a  cylindri- 
cal wooden  pulley  was  fastened,    between  the  bearings, 
to   tlie  shaft,     A  length  of  automobile  t^j^pe   brake  lining 
was  passed  ovar  the  pulley.     One  end  of  the  brake  lining 
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was  fastened  to   tba  base  of  the  apparatus  and  to  the 

other  end  a  hanger  was  attached*     Hemovahle  steel 

weights  eould  be  placed  on  this  hanger  to  provide  the 

necessary  braking  action* 

4,     A   serai -circular  plywood  backboard  (Figure  4)   was 

securely  fastened  in  a  plane  parallel  to  and   directly 

behind  that  wMch  was  generated  by  the   rotating  pointer* 

The  backboard  was  painted  white,  aod  black  markings 

were  provided  to  indicate  the  required  position  of  the 

pointer* 

5*     A  stimulus  light   (Figure  4)  was  fastened  on  top 

of  the   backboard  directly  over  the    pointer's  vertical 

position*     This  light  consisted  of  a  6  watt,   115  volt 

bulb  ^ich  illuminated  a  red  glass  lens* 

6*     A  tape  recording  kymograph  (Figure  5),   laanufactured 

by  the  Lafayette  Instmiiasnt  Company,  Lafayette,  Indiana 

was  used  to  record  times*     The  tape  was  advanced  at  a 

rate  of  2E*496  em*  per  second  when  the  kymograph  was 

operated* 

7.     A  "cat's  nfiiisker"  was  attached  to  the  pointer  such 

that  an  electric  circuit  would  be    corapleted  when   the 

I)ointer  was  within  the    specified  accuracy  range*     when 

this  circuit  was  completed  a   system  of  relays  caused 

a  stylus  on  the  kymograph  to  be  actuated* 

3*  laterson,  A*  G*  and  Tinker,  M*  A*,  Blaol;:  Type  versus 
;^hite  Type.  Jour*  Applied  i-syohol.,   15:'   E48-2'51,  1931. 
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&•     In  order  to  minimize  the  variable   due    tx>  tJtis 
operator's  reaction  tiuie,    it  was  decided  to  measure 
time  from  the   instant  the  hand^eel  was  grasped  until 
the  pointer  vma  finally  positioned  vdthin  the  speci- 
fied accuracy  range*     A  capacity -ope rated  relay* 
(figure  6)  was  constructed  for  the  purpose  of  ac- 
tuating a  stylus  on  the  kymograph  at  the  instant   the 
operator  touched  the  handwheel.     A  circuit  diagram  of 
this  device  is   included  in  Figure  7;   the  operation  of 
this  capacity-operated  relay  is  explained  in  the  fol- 
lowing : 

As  the  antenna-to-ground  capacity  is 
increased,  the  OBLplitude  of  oscillation  can 
be  made  to  increase.     The  6J7  tube  is  used 
as  an  oscillator.     The  rectifying  action  of 
the  grid  of  the  25L6  relay  tube  causes  a 
rectified  a-c-voltage ,  equal  to  the  peak 
value  of  oscillating  voltage  on  the  cathode 
of  the  6J7,  to    be  built  up  in  the  grid-leak 
and  condenser*     The  oscillator  oscillates 
on  eao2i  positive  cycle  of  plat®  voltage, 
but  during  this  tiiaa   the  25L6  tube,  vdiose 
plat-i  conn^sts  to  the  other  side  of  the 
line,   is  non-conducting*     The  negative  charge 
built  up  on  the  grid  of  the  25L6  does  not 
leak  off  during  the  non-conduction  period, 
however,  and   hence  is  effective  in  control- 
ling the  relay  current  during  the  alternate 
conduction  periods* 

Figure  8  illustrates  the  electric  circuit  used  to 

operate  the  kymograph* 

4.     Electronic  *  s  .angineering  Manual;  New  York,  McGraw  Hill* 
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Care  was  taken  to  eliminate  or  minimize  all   of 
tiie  many  unwanted  variables   in  this   experiment.     As  stated 
before,   the  apparatus  waa  set  up  so  that  the  reaction  tioit 
of  the  operator  was  not   inoluded  in  the  measured  time*     A 
large  screen,    installed  behind  the  apparatus,  was  provided 
in  order  to  eliminate  glare  and/or  distractions  from  out- 
side the  building.     A  constant  soiirce  of  lighting  was 
provided  by  a  floodlight  which  vias  placed  above  and  to  the 
rear  of  the  operator.     Platforms  were  provided  so  that  the 
various  operators  could  be  positioned  similarly  with  respect 
to  the  handwheel  shaft.     A  rubber  floor  mat  was  provided  so 
that  all  the  operators  had  good  footing.     The   e:Q)erim0nt  ?/as 
conducted  in  a  large,  well  ventilated  room  and  the  tempera- 
tur«  was  maintained  at  approximately  70  degrees  ?. 

Since  it  was  not   practical  to   conduct  a  long 
training  period  for  the  operators,   the  handwheels  and  torques 
were  presented  in  a  random  mnmr  in  order  to  minimize  the 
effect  of  training.     The  sequence  of  presentation  of  torques 
aod  handwheels  was  established  hj  the   use  of  tables  of 
random  numbers^.     Table  1  shows  the  order  of  presentation 
of  torques  and  handwheels. 

figure  9  contains  a  sample  of  tape  from  the  Icymo- 
graph  and  illustrates  the  method  used  to   obtain  time  readings. 

5.  Lindquist,   £.   F..  itatistioal  An^^ 

assearoh;  New  Yorki  iloughton  kifflm  Co.,   194U. 
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Table 
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Qimmi  OF  paE3S2JTATI0H  OF  iii\KIMiESL3 

AM)  ToaqtTSs 

IiAi.f DWHBSLa  AI^   TOEiUB;i 

Operators 

1 

7   in. 
JHDBf 

10  in. 

BUiFZ 

14  in. 

BFJDH 

4   in. 
FBJD 

S  in. 

B 

4  in. 

FDHJ 

7  in. 

SDJFH 

10  in. 

HJDF3 

5  in. 

14  In. 

BJHFii 

3 

7   in. 
JBliDF 

14  in. 
JFDKB 

10   in. 
HFDBJ 

4  in. 

FJDh 

5  in. 
DiiFJ 

4 

5  in. 

HJFD 

4  in. 
HDJF 

14  in. 

JFEDB 

10  in. 

BFJHD 

7   in. 
DJKiB 

5 

14  in. 

DJUJfB 

7   in. 

JDBrTF 

5  in. 

4  in. 
SEJD 

10  in. 

ilJFBD 

§ 

7  in. 

FDHBJ 

4  in. 
JIIFD 

10   in. 

HBFDJ 

5  in. 

FJDH 

14  in. 

JBFRT) 

f 

10   in. 

4  in. 
DFJE 

7  in. 

5  in. 

FJDK 

14  in. 

DBJi?'il 

8 

14  in. 
DFHBJ 

4  in. 

HBF,T 

7  in. 

DHFJB 

10  in. 
DJBHF 

3  in. 
HJDF 

9 

7   in. 

10  in. 

H3TBD 

14  in. 

4  in. 
HDFJ 

5  in. 
JFfiDB 

10 

4  in. 
JDFE 

10  in. 

FBJIiD 

7   in. 
JHDif'B 

14  in. 

HaTDF 

5  in. 
JHDF 

11 

5  in. 

FHJD 

10  in. 

iiDJFB 

14  in. 

JFDBH 

7   in. 

HDBJf 

4  in. 

IS 

5  in. 
ilFJD 

10  in. 
JFBim 

7   in. 

4  in. 

14  in. 
IfiiJFD 

13 

5  in. 
HDJF 

4  in. 

mm 

14  in. 

JHDBF 

7   in. 

DFJHB 

10  in. 
JBmD 

Key:     B 
D 
f 

H 

108.15 

55.35 

28.20 

17.20 

6,05 

in-lbs. 
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The  operatjops  were  chosen  at  randcsa;   no  attempt 
wa»  Bade  to  select  operators  to   represent  a  particular 
population.     All  the  operators  \mT&  males  and  were  in  good 
physical  condition.     Table  7,  Appendix  A,  gives  the  age, 
weight,  height  and  elbow  height  of  the  operators. 

fiTe  torques,    ranging  trcm  6.05  to  100.15  inch- 
pounds,  were  used  to  apply  axial  loads  to  the  handwheels. 
This  range  of  torques  was  selected  after  measuring  the 
torques  on  several  representative  machine   tools  in  Michael 
Oolden  Machine  Tool  Laboratory,  Purdue  IMiversity. 

The  handwheels  vvere  assembled  to  tlm   shaft  so 
that  their  handles  would  be  in  the  lower  left-hand  quadrant 
when  the  pointer  was  at   the  30  degree  TX)sition. 

Each  operator  was  given  the  following  instruc- 
tions prior  to  coiimencing  a  run: 

**You  will  atand  directly  in  front  of  the  handisfeeel 
and  position  yourself  so  that  your  knuckles,  when  yo\ir 
clenched  fists  are  held  together  and  your  elbows  are  held 
against  your  sides  with  your  forearms  jarallel  to  the 
floor,  will  just  touch  the  handwheel  shaft* 

"The  pointer  is  now  at  the  30  degree  mark.     When  the 
red  stimulus  light,  which  is  mounted  on  top  of  the  board, 
goes  on  you  will  grasp  the  rim  of  the  handwheel  with  both 
hands  and  turn  it  in  the  counter-clockwise  direction  until 
the  tip  of  the  pointer  is  within  the  1  degree  accuracy 
range,  as  iadicatad  by  the  mark  on  the  board.     ».hen  the 
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pointer  is  correctly  positiontd,  the  stimulus  light  will 
go  out*     .vhen  the  kyttosraph  is  stopped,  return  the  pointer 
to  the   30  degree  position,  remove  your  hands  and  wait  for 
the   next  stimulus  light* 

*Work  as  rapidly  and  accurately  as  you  can*  If  you 
overshoot,  return  the  pointer  to  the  1  degree  mark.  All 
of  your  readings  will  be  used  in  analyzing  the  data* 

♦»You  are  allowed  two  trials,  at  the  lightest  load, 
before  taking  readings  for  eaoh  handwheel* 

"Hemember,  you  are   to  use  both  hands,    and  are  to  \sork 
aa  rapidly  and  aoourately  as  you  can*     Have  you  any  ques- 
tions?"    (Answers  were  given  as  required). 
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The  mean  times  required  for  each  operator  to  adjust 
the  pointer  to  within  the  required  aoouraoy  range  of  one  de- 
gree are  tabulated  in  Tables  2  to  6  inclusive.     Detailed  data 
taken  for  each  operator  are  included  in  Tables  8  to  £0  in 
Appendix  A* 

The  data  were  first  subjected  to  an  analysis  of 
variance  technique*  to  determine  v^hether  or  not  the  varia- 
tions due   to  the  handwheels,    their  axial  loads,  the  operators, 
axid  the  various  interaction  effects  wer®  significant.     A 
ftionsary  of  the  results  of  these  calculations  are  given  in 
Appendix  B,     Sample  calculations  to  illustrate  the  aathemati- 
eal  technique  employed  are  also  included  in  Appendix:  B.     The 
results  of  this  analysis  showed,  beyond  reasonable  doubt, 
that  the  handip^heels  differed  significantly  among  theiaselves 
and  that   the  loads  also  differed  significantly  among  them- 
selves.    This   analysis  furtiier  slewed  that  the  variation  due 
to  the  operators  Tims,  beyond  reasonable  doubt,  due  to   factors 
other  than  chance  alone.     In  addition,   it  waa  found  that  the 
interaction  effects  were,   beyond  reasonable  doubt,  due  to 
factors  other  than  chance  alone* 

d»  dnedecor,  George  W.,  statistical  i^.etdaods  Applied  to 
Sxperiments  in  Agriculture  and  BiolbgyT"^^a8 «  lo'«a> 
Gollegiatei-^ress ,   1937l[ 

Croxton,  i?redericic  i£»   and  Cowden,  Dudley  J. ,  Applied 
General  Statistics;  I?ew  York,  Prentice -Ha  11,  Inc. ,  1939. 
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Tabic  2 

Mean  Times  in  Lundredths  of  Jeconds 
For  Adjustment  of  io inter 


Operator 


Torque   (In,-Lb3») 


11913 


8341 


7281 


55.35 

28.2 

17^2 

6.05 

Io 

I 

963 

503 

356 

466 

£486 

s 

909 

950 

689 

582 

3130 

8 

1008 

713 

561 

486 

2768 

4 

1063 

684 

543 

471 

2766 

9 

909 

571 

482 

474 

2436 

6 

973 

732 

725 

637 

3067 

7 

719 

464 

468 

426 

2077 

8 

1200 

691 

713 

490 

3094 

9 

ais 

636 

476 

390 

2117 

XO 

1382 

861 

677 

778 

3698 

IX 

738 

419 

550 

325 

2032 

U 

70E 

434 

353 

323 

1317 

IS 

732 

683 

478 

569 

2462 

6417     T:    33952 


Table  3 

Mean  Times  in  Hundredths  of  deoonds 
For  Adjustiaent  of  io  inter 

FIVE  INCH  HAND»HSSL 


Oper- 

55*^ 

28^2 

Torgr 

le  un.-I 

.bs.J_ 

ator 

17,2 

6.6$ 

ISL 

1 

739 

454 

431 

376 

2000 

Z 

750 

534 

434 

420 

2138 

8 

791 

425 

414 

511 

2141 

4 

373 

634 

739 

525 

2771 

9 

744 

502 

501 

425 

2172 

% 

591 

550 

493 

414 

2046 

f 

4S6 

377 

223 

388 

1424 

8 

731 

504 

617 

513 

2165 

9 

489 

432 

343 

324 

1588 

10 

743 

489 

420 

484 

2136 

11 

460 

541 

456 

321 

1778 

12 

596 

490 

608 

325 

2019 

13 

570 

507 

598 

620 

2295 

T 


f 


8513 


6439 


6277 


5446     T:    26679 
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Table  4 

Times  in  Hundredths  of  Seconds 
For  Adjustment  of  lo inter 

Bsrm  IHCH  uummsMasL 


Operator 

108.15 

55.35 

Toraue 
E8.B 

{In.- 
17.2 

■Lbs. ) 
6.05 

!s 

1 

667 

615 

481 

660 

564 

2987 

2 

895 

60S 

375 

303 

479 

2660 

3 

987 

603 

451 

607 

527 

3175 

4 

593 

607 

489 

44£ 

509 

2640 

§ 

683 

551 

561 

436 

473 

2709 

6 

797 

&a£ 

754 

598 

449 

3420 

7 

679 

466 

339 

5S3 

332 

2139 

8 

816 

917 

640 

589 

4Ji3 

3385 

9 

604 

601 

339 

279 

334 

2157 

10 

548 

595 

539 

482 

381 

2545 

11 

673 

671 

567 

510 

456 

2877 

1^ 

648 

411 

411 

290 

295 

2055 

13 

567 

5S0 

415 

437 

347 

2286 

T,: 

9168 

7^7 
Table 

6361 
5 

5956 

5569  T: 

35035 

Meaa  Times  in  Hundredths  of  Seconds 
For  Adjustsaent  of  iointer 

Operator  Torque   CIn.-Lba. ) 


108.15 

55.35 

28.2 

17.2 

O.05 

^ 

1 

635 

606 

346 

592 

467 

2348 

2 

436 

433 

324 

436 

273 

1922 

3 

871 

0S8 

612 

454 

366 

3011 

4 

684 

727 

595 

541 

468 

3015 

5 

519 

5£6 

289 

361 

283 

1978 

6 

666 

609 

506 

662 

509 

2952 

7 

712 

452 

416 

511 

368 

2459 

6 

535 

630 

390 

531 

379 

2515 

9 

556 

480 

426 

440 

354 

2256 

10 

737 

508 

646 

513 

471 

2875 

11 

533 

559 

507 

314 

549 

2462 

12 

499 

390 

442 

342 

317 

1990 

13 

515 

464 

435 

464 

433 

2311 

^t^ 

7898 

7144 

6134 

6161 

5257  T: 

32594 

91 
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Table  6 

Xean  Timtes  in  riundredtlis  of  oeoonds 
for  Adjtistoent  of  Pointer 

yoDi^iiEi;  men  imimiiissL 
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Op©  abators 

Torque 

(In.- 

Lbs.) 

108.15 

55.35 

28.2 

17. E 

6.05 

!e 

1 

678 

571 

523 

501 

A?«J 

2696 

£ 

588 

452 

443 

437 

465 

2390 

3 

753 

627 

508 

581 

602 

3071 

4 

854 

884 

742 

636 

762 

3859 

5 

641 

568 

518 

463 

40t^ 

2616 

6 

776 

704 

714 

696 

642 

35S4 

7 

384 

336 

389 

349 

412 

1870 

8 

723 

740 

456 

439 

484 

2847 

9 

633 

445 

488 

410 

362 

2388 

10 

593 

572 

648 

593 

546 

2952 

11 

4B7 

449 

390 

487 

482 

2235 

12 

502 

375 

452 

399 

42B 

2256 

13 

534 

756 

643 

700 

766 

3499 

'f 


8317 


7479 


6919 


6711 
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After  these  data  had  be«n  analyzed^  further  sta- 
tistical techniques'^  v/ere  •B|)loy»d  to  fit  euTTes  to  the 
data  and  to  test  the  curves  for  goodness  of  fit.     The  re- 
sults of  these  computations  are  tabulated  in  Appendix  C, 
Table  86*     A  sample  of  these  calculations  is  included  in 
Appendix  0   in  order  to  fully  illustrate  the  statistical 
technique  employed.     Figures  10  to  15  sItdw  curves  for  opera- 
tor performance  for   the  handwiieels  and   torques  selected* 

Two  handwheels,  the  four-inch  and  tiie  five-inch, 
were  not  subjected  to  the  full  range  of  axial  torques.  It 
was  found  to  be  wholly  unrealistic  to  expect  tlie  operators 
to  aanipulate  these  handwheels  vdien  they  were  subjected  to 
the  highest  axial  load  of  108.15  inch-pounds.  In  present- 
ing the  curves  included  in  this  paper,  no  attempt  at 
extrapolation  of  data  beyond  the  range  of  experiaentation 
has  been  made.  According  to  Snedecoir:  "Extrapolation  is 
Bostly  a  guessing  gsao*** 

It  was  shown  that  a  straight  line  gave  an  adequate 
fit  for  the  data  for  the   four-inch,  five-inch,   ten-inch,   and 
fourteen-inch  handwheels  and  that  a  parabola  gave  an  adequate 
fit  for  the  data  fron  the    seven-inch  handled. 

The  results  of  this  study  are  briefly  sunanarized: 
1.     The  handwheels  that  were  used  were  found  to  differ 
significantly  among  themselves. 

?•  Croxton  and  Cowden,    {op.  eit.). 
8.  3nsdeoor,    (op.   cit.). 
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£•     The  torques  selected,  for  axial  leading,  vere 

found  to  differ  significantly  among  theiaselTes. 
3*     The  operators  were  found  to  differ  significantly 

ai&ong  thexiaselves* 
4*     The  following  interaction  effects  were  found  to 
be  significant: 

(a).     Handwheels  versus  torques* 
(b)«     Eandwheels  versus  operators, 
(e)*     Torques  versus  operators* 
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C0I«3LU3I0K3 
The  eonoluaions  from  this  study  loay  be  siusmarlz^d 
as  follows: 

1*     The  size  of  liandwheel,  used  as  a  wheel,  was  a  pertinent 
variable  and  did  affect  the   time  reqiiired  to  adjust  the 
pointer  to   l^ie  required  aoouraoy  range  of  one  degree. 
£•     The  axial  load  was  a  pertinent  variable  and  did  affect 
the  time  required  to   adjust   tJie   pointer  to  the  accuracy 
of  one  degree* 
3*     Since  Uie  effect  of  training  was  minimized  by  tlie  process 
of  randomization,   it  v/aa  concluded,   without  proof,   that 
the  variation  among  the  operators  was  due  to  individual 
differences  ♦ 
4«     Frois  an  inspection  of  the   curves  and   using  time  of  ad- 
justment to   the   specified  accuracy  as  a  criterion,   the 
follovifing  conclusions  c<mceming   the  use  of  handwheels, 
used  as  wheels,  v/ere  caade: 

(a)#     Of  the   five  handwheels  that  -wqtq   studied,  the 
four-inch  handwheel  appeared  to   result  in  the  slowest 
operator  perforiaanoe  for  practically  all  the   torqu#« 
that  were  included  in  this  experii^nt* 
(b)«     Of  the  handwheels  studied,   the   ten- inch  hand- 
wheel  appeared  to   give  optimuE  results  for  the  range 
of  torques  that  were   investigated. 

9.  Tiffin,  Joseph,  Industrial  Psychology;  Hew  York, 
irentice-iiall,  Inc.,   1947. 
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AFPSHBIX  A 

Oharacteristica  of  Operators  (Table  7) 

And  Tim@s  He quired 

For  EaQh   Operator  to  Adjust  the  Pointer 

(Tables  8  to  20  Incluaive) 
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Table  7 


QBkBkOrmLSTlC 

Q  OF  OFSRATOHS 

Operator 

hBl 

WeiKUt 

Height 

Diff.   Between  ohaft 
ana  Elbow  Height 

1 

19 

149 

5»-10»* 

Minus  1/8  •♦ 

Z 

19 

167 

5'-ll« 

Miims  1/4" 

8 

20 

200 

6*-2" 

Plus  1/8" 

4 

El 

155 

5»-g« 

Plus  1/8" 

S 

29 

150 

5'-ll" 

Minus  1/4" 

« 

E4 

190 

6 '-2" 

Plus  l/8« 

7 

31 

185 

5»-ll" 

Minus  1/4" 

0 

26 

165 

e'-o** 

Plus  1/4" 

9 

27 

178 

5'11»» 

B,!i3ius  1/4" 

10 

31 

135 

5 '-a" 

Uima  1/4" 

11 

3S 

165 

5' -11" 

Minus  1/4" 

12 

31 

133 

5 '-8" 

Minus  1/4" 

13 

39 

175 

5»-10" 

Ho&e 

^I 

^ 

fi 

jtovV 

^ 

CS 

« 

■It?. 

d 

x^ 

? 

3 

01 

Xi 

ex 
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Table  8 

Ti»i  in  Hundredths  of  .ieconds 
For  Adjustment   of  Pointer 


t 

OPmkTQR  NO. 

1 

^ 

Handwlieels 

Torque a 

(In-LDs) 

4 

in. 

5 

in. 

7  in. 

10 

in. 

14 

in. 

loaas 

^« 

>~«. 

«... 

~. 

50 

43 

74 

66 

67 

67 
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Table  9 

Time  in  Huudrddths  of  Seconds 
For  Adjustment  ot   Pointer 
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Time  in  Hundredths  of  Seconds 
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52 

34 

54 

45 

37 

58 

73 

52 

45 

66 

91 

79 

56 

35 

41 

66 

57 

34 

44 

53 

54 

41 

62 

52 

3£ 

51 

67 

59 

39 

64 

59 

30 

30 

41 

52 

59 

59 

63 

37 

40 

34 

50 

50 

49 

48 

80 

63 

40 

36 

27 

41 

35 

32 

39 

65 

95 

49 

4B 

35 

36 

15 

43 

35 

40 

38 

60 

50 

42 

44 

34 

37 

37 

45 

66 

64 

57 

64 

41 

53 

37 

36 

44 

55 

40 

39 

56 

35 

40 

31 

50 

17 

63 

39 

47 

55 

56 

58 

88 

35 

49 

23 

45 

37 

31 

36 

4^ 

35 

Eg 

42 

25 

14 

42 

42 

35 

42 

55 

36 

44 

40 

31 

19 

54 

£7 

36 

36 

58 

36 

37 

24 

32 

16 

46 

45 

56 

36 

45 

29 

33 

31 

20 

52 

21 

36 

68 

27 

50 

35 

34 

33 

08 

32 

20 

24 

25 

37 

35 

43 

£9 

34 

50 

34 

4^ 

51 

47 

39 

2E 

6a 

18 

36 

55 

25 

48 

23 

26 

27 

53 

36 

31 

46 

31 

27 

63 

19 

30 

.- 
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•Table  17 

Time  in  Hundredths  of  ieconds 
For  Adjustfflent  of  lointer 

OPEilATOR  NO.    10 

Torque 
(In-Lbs)  4  in,  5  in.  7  in.  10  in.       14  in. 

108.15 


55.35 


S6.£0 


17.20 


6.05 


... 

»^m 

•vaMv 

«M 

45 

64 

75 

73 

80 

65 

-,— 

.- 

•  — 

- 

43 

57 

150 

55 

52 

50 

.— 

•- 

-  — 

- 

36 

59 

71 

70 

65 

56 

««- 

.«> 

—  - 

— 

44 

72 

78 

52 

45 

61 

— - 

— 



- 

67 

61 

64 

49 

63 

56 

1S6 

228 

75 

85 

51 

122 

55 

68 

93 

54 

105 

112 

92 

78 

50 

54 

49 

44 

79 

69 

135 

100 

72 

51 

48 

62 

52 

40 

69 

54 

111 

252 

a) 

64 

36 

52 

38 

52 

39 

44 

100 

113 

36 

60 

57 

63 

45 

65 

35 

36 

77 

84 

58 

45 

64 

38 

80 

34 

33 

45 

83 

84 

58 

42 

59 

68 

84 

105 

74 

68 

90 

92 

43 

38 

56 

34 

64 

69 

112 

56 

93 

85 

37 

62 

54 

67 

30 

61 

69 

50 

92 

84 

59 

47 

78 

21 

56 

63 

73 

104 

83 

71 

41 

45 

26 

37 

41 

58 

100 

41 

76 

67 

44 

40 

57 

46 

57 

57 

45 

43 

70 

71 

37 

47 

62 

40 

58 

43 

47 

105 

63 

57 

40 

44 

58 

50 

62 

51 

41 

46 

56 

63 

39 

43 

40 

66 

31 

55 

44 

81 

74 

76 

69 

45 

59 

26 

57 

67 

35 

50 

57 

92 

39 

44 

48 

26 

40 

21 

75 

44 

63 

83 

46 

55 

44 

37 

30 

60 

43 

40 

100 

52 

46 

47 

59 

24 

25 

49 

43 

78 

96     85        39      54        24     34  98      24        65     73 
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Table  18 

Time  in  liundredtha  of  .iecouds 
For  Adjustiasnt  of  lointor 

OPSBATOR  MO.    11 


Torque 

(In-Lbs) 

4  in. 

5  in. 

7  in. 
79      78 

10 
61 

in. 
60 

14 

49 

in. 

108.15 

mm*^ 

ak«» 

29 

«- 

— - 



— 

52 

54 

59 

52 

40 

44 

... 

••«»» 

— 

.. 

102 

56 

45 

81 

53 

38 

-- 

-- 



-- 

69 

75 

54 

37 

48 

30 

— 

-- 

-— 

-.- 

56 

50 

50 

44 

31 

65 

55.35 

75 

76 

55 

39 

62 

74 

47 

115 

27 

26 

72 

67 

51 

24 

66 

25 

53 

61 

37 

31 

56 

58 

51 

44 

29 

75 

27 

38 

36 

33 

56 

57 

56 

24 

46 

33 

59 

44 

122 

70 

170 

71 

27 

09 

143 

118 

24 

91 

32 

35 

E8.20 

38 

47 

127 

42 

72 

34 

46 

44 

56 

30 

16 

36 

62 

48 

36 

87 

61 

25 

27 

29 

34 

16 

53 

30 

18 

26 

47 

26 

51 

26 

118 

41 

49 

23 

120 

32 

39 

134 

41 

34 

33 

34 

53 

44 

115 

25 

42 

43 

31 

65 

17.20 

34 

36 

43 

12 

42 

19 

20 

^ 

60 

61 

108 

37 

27 

92 

33 

43 

20 

14 

54 

35 

35 

52 

33 

31 

60 

55 

63 

22 

32 

35 

29 

36 

89 

08 

37 

135 

24 

51 

30 

41 

103 

75 

25 

96 

44 

37 

41 

17 

64 

55 

6.05 

34 

28 

55 

55 

20 

26 

105 

45 

66 

34 

28 

37 

26 

35 

59 

10 

100 

39 

42 

36 

36 

n 

04 

41 

15 

83 

23 

85 

36 

59 

15 

40 

41 

ZO 

64 

41 

55 

33 

70 

41 

74 

22 

26 

08 

36 

94 

44 

20 

68 

30 
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Table  19 

Time  in  Hundredths  of  3econds 
For  Adjustment  of  lointer 


OPHRA^TOa  MO. 

12 

Handv/heels 

Torqu© 

(In-Lbs) 

4  in. 

5  i 

n. 

7   in. 

10 

in. 

14 

in. 

108.15 

•>— 

.~. 

.. 

..mm 

105 

73 

44 

79 

130 

32 

— 

-.« 

— 

— 

68 

37 

3? 

43 

61 

51 

-.- 

.-- 

~* 

— 

35 

38 

51 

110 

30 

51 

— 

.— 

— 

— 

57 

52 

5? 

20 

104 

60 

— •- 

•— 

— — 



87 

96 

39 

19 

51 

32 

55.35 

71 

66 

59 

41 

40 

30 

40 

91 

44 

26 

53 

65 

88 

45 

42 

44 

97 

36 

47 

23 

68 

109 

30 

38 

48 

25 

27 

17 

39 

24 

46 

38 

23 

62 

53 

55 

23 

14 

24 

56 

61 

73 

124 

81 

47 

27 

31 

42 

41 

51 

«l«SO 

44 

51 

51 

35 

89 

35 

40 

11 

44 

60 

64 

67 

40 

41 

37 

50 

48 

39 

52 

50 

79 

30 

107 

45 

26 

20 

42 

101 

35 

25 

29 

18 

48 

47 

21 

20 

34 

64 

52 

25 

EE 

32 

31 

45 

72 

41 

34 

29 

53 

56 

17.  EO 

45 

44 

99 

45 

25 

23 

13 

54 

45 

31 

40 

40 

44 

36 

24 

71 

75 

35 

97 

26 

52 

34 

76 

34 

16 

10 

24 

30 

45 

21 

29 

36 

104 

42 

40 

25 

35 

31 

34 

20 

3B 

40 

92 

36 

44 

12 

26 

19 

30 

50 

6.05 

38 

20 

60 

27 

11 

26 

71 

29 

53 

30 

86 

12 

23 

25 

34 

14 

32 

17 

45 

25 

E5 

34 

62 

28 

24 

15 

52 

27 

56 

59 

37 

32 

11 

28 

22 

24 

09 

45 

34 

26 

72 
39 

39 
25 

15 
12 

53 
34 

22 
44 
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Table  go 

Time  in  liuiidredths  of  Seconds 
For  Adjuatm^at  of  Jointer 

OPEiiATOH  NO.    13 

Handwheels 


Torque 

(In-Lbs) 

4  in. 

5  in. 

7  in. 

10 

in. 

14 

in. 

108.15 

—- . 

.~ 

... 

~«. 

49 

60 

57 

51 

51 

77 

-- . 

— . 

-.-. 

-- 

59 

61 

51 

39 

56 

51 

— 

-- 

-.- 

-.- 

54 

62 

53 

50 

60 

76 

-.- 

— 

-- 

— 

56 

64 

49 

56 

64 

75 

-- 

-- 

-- 

— 

58 

44 

53 

56 

57 

65 

55.35 

70 

60 

73 

71 

50 

44 

43 

52 

120 

69 

76 

62 

61 

73 

37 

56 

47 

53 

61 

73 

113 

57 

57 

57 

57 

65 

50 

46 

57 

75 

90 

73 

49 

53 

SI 

36 

42 

53 

64 

70 

59 

72 

52 

55 

43 

41 

3e3 

40 

84 

83 

28.  EO 

72 

63 

46 

48 

38 

50 

39 

37 

76 

60 

73 

88 

61 

53 

44 

59 

31 

63 

40 

64 

42 

55 

58 

59 

36 

38 

58 

39 

71 

89 

86 

67 

39 

47 

40 

36 

27 

56 

65 

57 

85 

52 

57 

39 

36 

38 

37 

48 

57 

64 

17.20 

49 

60 

60 

55 

37 

48 

60 

47 

101 

70 

50 

44 

89 

53 

41 

42 

44 

39 

97 

78 

59 

52 

81 

45 

47 

31 

36 

35 

57 

55 

43 

35 

68 

44 

40 

49 

73 

45 

55 

44 

44 

42 

63 

40 

49 

53 

46 

35 

86 

57 

6.05 

41 

33 

112 

38 

32 

35 

26 

42 

70 

134 

78 

40 

68 

51 

25 

35 

43 

32 

93 

63 

48 

68 

89 

oO 

4£ 

24 

66 

34 

81 

61 

45 

72 

49 

58 

48 

42 

50 

41 

62 

59 

46 

96 

54 

51 

24 

40 

62 

37 

89 

54 
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l^ables  of  Susis  of  Times 
(Tables  21  to  E3  InclusiTe) 

AbA  a  Juininary  of  Calculations 
To  Show  %h&%  the  Variables  v,Qre  oignlfioant 


•J^  r^mi^.  Jy 


Table  21, 
smm  OF  T1US3  IN  3Sco;:n)G  ?oa  all  HAHmSSSLa 

Torques 


Operators 

55.35 

28.20 

17.20 

6,05 

h. 

1 

3.496 

2.507 

2.740 

2.302 

11.045 

Z 

3.172 

2.631 

2.299 

2.219 

10.321 

3 

3.717 

2.709 

2.617 

2.512 

11.555 

4 

4.154 

3,144 

2.906 

2.  736 

12.940 

5 

3.298 

2.441 

2.263 

2.063 

10.065 

• 

3.699 

3.256 

3.174 

2. 551 

12.780 

f 

2.409 

1.98S 

1.874 

1.926 

0.194 

8 

4.266 

2.681 

2.889 

2.089 

11.927 

9 

2.630 

2.321 

1.946 

1.764 

3.663 

10 

3.800 

3.183 

2.685 

2.660 

12.328 

11 

2.877 

2.4^4 

2.317 

2.133 

9.751 

1£ 

2.474 

2.229 

1.997 

1.638 

3.388 

%Z 

3.042 

2.683 

2.tJ77 

2.735 

11.137 

\'' 

43.036 

34.194 

32.366 

29.478 

Ta  139.094 

<  = 

389.731900 
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S^3  OF  Tmm  111   SlGOilDS  FOR  ALL  TOHQU^ 
Handvbeels 


Opera- 
tors 

4« 

5<* 

7" 

10" 
2.213 

14" 
2.024 

»o 

X 

E.488 

2.000 

2.320 

11.045 

t 

2.130 

2.136 

1.765 

1.486 

1.802 

10.321 

3 

2.768 

2.141 

2.188 

2.140 

2.318 

11.555 

4 

E.766 

2.771 

2.047 

2.331 

3.025 

12.940 

S 

2.436 

2.172 

2.021 

1.459 

1.977 

10.065 

« 

3.067 

2.046 

2.623 

2.286 

2.756 

12.780 

7 

2.077 

1.424 

1.460 

1.747 

1.466 

8.194 

8 

3.094 

2.165 

2.569 

1.960 

2.119 

11.927 

f 

2.117 

1.^8 

1.553 

1.700 

1.705 

8.663 

10 

3.698 

2.136 

1.997 

2.12® 

2.359 

12.328 

11 

2.032 

1.778 

2.204 

1.929 

1.808 

9.751 

m 

1.817 

2.019 

1.407 

1.491 

1.654 

o.Soo 

13 

2.462 

2.295 

1.719 

1.796 

2.865 

11.137 

T^: 

33.952 

26.675 

25.873 

24.696 

27.898 

T.139.094 

£■£^0  r  312.419198 
E^  z  3921.896878 
Zt|     s  1520.004748 


n* 
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TabXe  03 

sms  f3St  f  BOS  IN  3mQm3  for  all  oi^mkTom 

SandidiQeXa 


Torouea 

4'» 

5« 

7" 

10« 

14" 

h. 

55.35 

11.913 

8.513 

7.987 

7.144 

7.479 

43.036 

27. ao 

8.341 

6.439 

6.361 

6.134 

6.919 

34.194 

17,20 

7.261 

6.277 

5.956 

6.161 

6.711 

32.386 

6«05 

6.417 

5.446 

5.569 

5.257 

6.789 

29.478 

^*' 

33.952 

£6.675 

25.873 

24.696 

27.898  Ts 

139.094 

^^^   = 

1(X)8.  609128 

ET^     z  4939.132412 
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SOMMARY  Of  CALCliXuvTIONS 

Total   ium  of  dquares  r    Z^cL,*   -     T^  s  7*030433 

^^^        260 

iSubtotal  Sum  of  Squares   (w  x  o)   =    ZTrl.  -     T     =  3.692719 

VJ^els  Sum  of  Squares  s    ZT^     -       T       =  1,009014 

if  ^6^ 

Operator  Suiri  of  Squares  -    ^"^o     -       T^  =  1, 588157 

Wheels  X  Operators  Gum  of  Squares  r  3ubtotal  3.S»    (w  x  o) 

less  V. heels  3»c>« 
less  Operator  3.3» 
r   1.095548 

Sttbtotal  oum  of  Squares    (o  x  t)    s    ZlPf  _  -       T^  r  3.534300 

— ^         l60 


Operators  x  Torques  Smi  of  Squares  r  Subtotal  3.3.    (o  x  t) 

less  Operator  S.S. 
less  Torque  3.3. 
s  0.371571 

Error  (t  x  o  x  w)   s  Total  3.3.   -  (V^heel  S,Sm  /  Torque  ^,3, 

/  Operator  3.3. 
/  »Vheel  X  Torque  3.3. 
/  iiVheel  X  Op.   6mS» 
/  Torque  x  Op.   3.3.) 
a   0.801920 

Subtotal   3.3.    (w  X  t)   r    Zt^   -       T^   s  3.173E38 

IF^       Ho 

Torque  Sum  of  Squares  r    Z'^     "       T^     r  1.574572 

-65  2^0 

llieels  X  Torque  Sui?i  of  Squares  s  Subtotal  il.&*    (w  x  t) 

-  Torque  d^'S*   -  Wheels  ^^S^ 
s  0.589652 
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Table  S4 

HSdiULT^ 

Of  F-TS3TS 

Sources 

Deg.  of 
Freedom 

Sum  of 
Squares 

Uea.n 
Square 

F 

^05 

!fli 

Wheels               4 
Torques             3 
Operators       12 

1.009014 
1.574572 
1.588157 

0.252257 
0.524857 
0.132346 

11.052 

50.652 

4.153 

2.56 

2.86 
1.85 

3.74 
4.38 
2.37 

W    X   t 

W    X    0 

IE 

48 

0.5896 52 
1.095546 

0.049138 
0.022824 

6.971 
4.157 

1.82 
1.45 

2.30 
1.67 

HrroT 
(wxtxo) 

144 

0.801920 

0.005569 

Total: 

259 

7.030423 

0.027144 

Hypothesis   1:     TIb  wheel  effects  are  zero. 

y  9       Wheel  M«3.  s  11*052 

V^lieel  X  Oper.  M*S» 


n^  s     4 
ng  s  48 


Fap:  '     2.56 


F 


05 
01 


3.74 


Since  11.052  >2«56,  the  hypothesis  is  rejected;  thus 
we  can  say,  at  the  1  per-oent  le7el,  t^iat  the  i^eels 
are  significantly  different. 

Hypothesis  2:     The  torque  effects  are  sero. 

^  =  Torque  M«3.     ^  r     50.652 

Torque  x  Cper.  M*3* 


n,   =       3 
ii£  s     36 


F/%K   s      2.36 
IqI  s     4.38 


Since  50.652  >  4.38,  the  hypothesis   is  rejected;   thus 
we  can  say,  at   the  1  per-cent  level,  that  the   torques 
are  significantly  different. 
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Table  24   (Continued) 

Hypothesis  3:     The  operator  effects  ai«  zero* 

F  s   (Operator  U»^*)  /  (ijrror  M.3») s  4#153 

(Wneel  x  Op,  M.S. )   /   (Torque  x  Op.  M.3.) 

^1  =  (Operator  M.a.  ^  ^^^^  M.3.)^  s     13 

(Operator  M.S.  )*^  /   (Error  !d.3.}^ 
deg.   of  free.  deg.   of  free. 

a^  ■  (wheel  x  operator  i.;.^.  y  Torque  x  Oper.M.c>. )  at  80 
(wheel  X  oper.  l^.o.)^  /  (ToTQue  x  Gper.M.3.T^ 
deg.  or  freedom  deg.  of  freedom 

Since  4.153  >  £.37,  the  hypothesis  is  rejected;   thus 
we  can   say,  at   the   1  per-cent  level,  that  the  operators 
are  significantly  different. 


Hypothesis  4:     Interaction  effects  of  wheels  and  torques 

is  zero. 

F  m  wheels  x  torques  M. 3.   »  8.971 
Krror  M.S. 
ni    =     12  FpjK  =  1.82 

ng  z  144  WqI  s  2.30 

Since  8.971  >  2.30,  the  hypothesis  is  rejected;  thus, 
we  can  say,   at  the  1  per-K>ent  level,  that  the   inter- 
action effects  of  the  wheels  and  torques  are  signifi- 
cant. 

Hypotliesis  5;     Interaction  effects  of  wheels  and  operators 

are  zero. 

^  =  wheels  X  operators  M.S.     r     4.167 

n,    r     48  F..K  r  1.45 

n^  s  144  Fgj  =  1.67 

Since  4.167  >  1.67,  the  hypothesis  is  rejected;   tJ:ius, 
we  ean   say,   at  the  1  per -cent  level,  that  the  inter- 
action effects  of  wheels   and   operators  are   signifi- 
cant. 
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Table  24  (Continued) 


Hypothesis  6:     Interact ion  effects   of  torques  and  operators 

are  zero, 

y  «  torques  x  operators  ^:,c>»     r     1»8§4 

I    ^>  i    ■■— <»«iM   Ml  MIIW     »Wi.W^*  y»         ■Mill  MW    .w  ■^■■i«  I         III  !!■ 

Error  lt»s* 

ni   s  36  Fq5  r  1.54 

Hg  r  144  Fqj^  =  1.64 

3inoe  1,854  >  1.84,  tiie   hypothesis  is  rejected;  thus, 
we  can  say,   at   the  1  per-cent  level,  that  the   inter- 
action effects  of  the    torques  and  operators  are 
statistically  significant. 


^3 


i  ?.^ri$aqX^ 


^as^i 


fl 


,    v./ 


-    1 JA.'  Vi' 


53 


Data  and  Calculations  for  Curve  Fitting 
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Table  2S 
Sumioary  of  Data  Derived  from  Mean  Times   (Tables  2  to  6) 

HANBUHSILS 


4« 


5" 


T 

33.  952 

26.675 

35.035 

1^ 

22, 168044 

13.683762 

18.883865 

oper.  X  tor. 

^4o 

24.738983 

14.679377 

20.485455 

2To 

23 •5140538 

14.0762719 

19.591110 

operators 

2*^ 

22.793956 

14.0122912 

19.3944490 

torques 

2x 

1388.40 

1388.40 

2794.35 

2x^ 

54486.965 

54486.965 

206534 

2xy 

1058.6568 

793.687 

1748.4668 

2x^ 

13853147 

ZX* 

145eii8476 

22?Y 

136919.786 

10' 


14" 


T 

32.594 

36.215 

t" 

16.344136 

20.1773265 

oper.  X  tor. 

^4 

17.326714 

20.959484 

2To 

16.664236 
16.735531 
2794.35 

20.316041 

operators 
torques 

Ix 

20.998687 
2794.35 

2^ 

206534 

206534 

Ljx 

1560.34195 

1665.06465 
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Table  26 

Suaaairy  of  Tests  of  dig n if io once  for  Fitted 
GvLTYea  for  liaMwheels 

4  Inoh  Handwheel 

Soiiree  D^W^  3*3*  MaJa.  2         ^05 

Torque  3  1.3460098 

Linear  1  1,328963 
Dep,  fron 

Linear  2  0,0170463   0.00S5234   0.3122  3.26 

Within  Torques     48       1.224935 
Operators  12       0.625912 

Irror  36       0.599023  0 .01303952 

Total 2.570944  ^ 

5  Inoh  Hon dwhe e 1 

Source  D.f.  3*3*  M73#  F         F^- 

Torque  3  0.392509 

Linear  1  0.389530 
Dep.   from 

Linear  2  0.002979  0.001489  0.1962      3.26 

Within  Torques     48       0.603106 
Operators  12       0.328529 

Error  36       0.274577  0.00762713 

Total 0.995615 

7  Inoh  Landvfceel 
^uroe  D.g.  3*3*  iUS*,  1        ^qq 

Torques  4  0.707245 

Linear  1  0.5596396 
Dep.   from 

Linear  3  0.1476054       0.0492018       6.1533     2.80 

Parabola  2       0.707031 

Dep.  from 
Parabola  2       0.000214         0.000107         0.0134     8.80 

Wiihln^Torques"  60"""  ""o7S9434'5 
Operators         12       0.510584 

Error  _  4b Q_.383797 
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Table  26 

SUBunary  of  Tests  of   o%nifioanoe  for  Fitted 

Curves  for  liaadKifeeels (Cont'd) 


Source 

Torques 
Linear 
Dep,  from 
Linear 


D.F, 


3»  j>» 


4   0.3E0100 
1   0.2930739 


ff*^« 


F. 


05 


3        0.027026  0.0090087        1.595        2.80 


Within  Torques     60       0.662478 
Operators  12       0.391395 


Error 


48        0.271083         0.00564756 


Total 


0.982578 


Source 

Torques 
Linear 
Dep.  from 
Linear 


D.F» 


P.O. 


4       0.1387145 
1        0.1354c5225 


hi^bp 


I 


05 


0.003232257   0.00107741      0.3069      2.800 


Within  Torques     60 
Operators  12 


Error 


0.643443 
0.5414405 


48   0.1020025   0.0021251 


Total 


0.7821575 
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Sample  Caloulaticns  Used  to  Fit  Curves 
Au^  Test  for  goodness  of  Fit 

3«vea-Inoh  haadwiieel : 

Hypothesis  1:     The   observed  data  niay  be  represented  by 

a  linear  curve • 

S«3.    due  to  torques  r   2]t|  -  T^  r  0.707245 

Nopmftl  Bquations  for  Linear  Curve: 

65a  /  b£l  s  T 

S^Ty  §^794.35b   s  32^594 
2794.55a  /  2Q6Sg4b     r  15a0« 34195 

^a  s  0.4g^27§ 

b   s   0.001B4162 

The  Ssti mating  i^quation  is: 

Yq   s  0.422275  /  0.00184162  X 

3.3.   Due  to  Linear  Gurve© 

-  13  2{a  /  bX)**   •  T^  »  0.5596396 

3.3.   Due   to  Departure  from  Liiear  Curve: 

-  Torque  3.3.   -  3.3.   due    to  Linear  s  0.1476054 

Total  3.S.   m    Zlf^  -  T^     s  1.60159 

^o   if 

Within  Torques  o^S.   z   Total  3*3.   -  Torque  3.3. 

ar  0.894345 

3.3.   due  to  operators  s    Z*^     -  T^  s  0.510584 

r"        65 


Error  3.3.   a  J. 3.  within  torques  -  Operator  3.3, 
5  0.383797 
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Applying  the  F  Test: 

f  s  M.a.    (Dei3>  from  linQar)      s  6.1533 
U.S.  (Error) 

n,   r     3  y^K  «     2.80 

n^  r  48  III   '     '**^^ 

3lno6  6,153^  >  4.22,   the  hypothesis  is  rejected; 

then  we  can  say,   at  tlae  1  per-cent  level,   that 
the  observed  data  caxinot  be  represented  by  a 
straight  line. 

Hypothesis  k,i     The  observed  data  iiaay  be  represented 

by  a  parabola. 

Normal  Equations  for  a  parabola: 

66a  /  ^ZX  ^  o2x^  s  T 

65a  /  £794. ^5b  /  E063340  s  35.035 

2794.35a  ^   206534b  /  lf3853147o   »  1748.4666 

20^ 534  a  /  18e53147b  /   1456284760  a   136919.786 

a   a  0.4254638 
b  3  0.002584573 
0   =   0.000001366834 

Th«  Sstiisating  Equation  Is: 

Yo   r  0.4254638  /  0.002364573X  /  0.0000013ud834X^ 

S.S.   due    to  parabola  z  13£(a  /  bX  /  oX^)-T^  s  0.707031 

3»3.  due  to  departure  from  parabola 

s  Torque  3.3.   -  S.3.   due  to  parabola 
s  0.000214 
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Applying  the  F   Teet: 

F  r  K,S,(Dep^  froE  Parabola)   =  0.01?382 
H.G. (Error) 

»!  =  2  y^K  =^  3.19 

n  ^48  PqI  =5,08 

Since  0.013382  <3.19,    the  hypothesie   is   suTaBtantiatea; 
thus  Me  ci-n  cay,   at  the  5  j^er-cent  level,    tLut   the  data 
can  "be  represented  by  a  parabola. 
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